Golgi α-mannosidase II (GMII), a member of glycoside hydrolase family 38, cleaves two mannosyl residues from GlcNAcMan 5 GlcNAc 2 as part of the N-linked glycosylation pathway. To elucidate the molecular and electronic details of the reaction mechanism, in particular the conformation of the substrate at the transition state, we performed quantum mechanics/molecular mechanics metadynamics simulations of the glycosylation reaction catalyzed by GMII. The calculated free energy of activation for mannosyl glycosylation (23 kcal/mol) agrees very well with experiments, as does the conformation of the glycon mannosyl ring in the product of the glycosylation reaction (the covalent intermediate). In addition, we provide insight into the electronic aspects of the molecular mechanism that were not previously available. We show that the substrate adopts an O S 2 /B 2,5 conformation in the GMII Michaelis complex and that the nucleophilic attack occurs before complete departure of the leaving group, consistent with a D N A N reaction mechanism. The transition state has a clear oxacarbenium ion (OCI) character, with the glycosylation reaction following an O S 2 /B 2,5 → B 2,5 [TS] → 1 S 5 itinerary, agreeing with an earlier proposal based on comparing α-and β-mannanases. The simulations also demonstrate that an active-site Zn ion helps to lengthen the O2′−H O2′ bond when the substrate acquires OCI character, relieving the electron deficiency of the OCI-like species. Our results can be used to explain the potency of recently formulated GMII anticancer inhibitors, and they are potentially relevant in deriving new inhibitors.
Introduction
N-linked glycosylation is a post-translational process that attaches a carbohydrate to a nascent protein and further modifies it. 1 The process involves a series of well-defined carbohydrate trimming and addition steps performed by several glycoside hydrolases (GHs) and transferases, respectively, as described in the Supporting Information (SI) ( Figure S1 ). The trimming steps start in the endoplasmic reticulum, followed by additional trimming and modification in the Golgi apparatus, where highmannosyl oligosaccharides are converted to more complex ones.
Breast, colon, and skin cancer cells have an unusual distribution of cell-surface complex oligosaccharides, with increased GlcNAc branching on the trimannosyl core 2,3 correlated with disease progression.
4,5 Inhibition of Golgi R-mannosidase (GMII) with swainsonine blocks the abnormal formation of complex oligosaccharides, leading to reduced metastasis and tumor growth. 4, 6 However, swainsonine also inhibits the closely related lysosomal R-mannosidase, limiting its clinical use. 4, 7, 8 GMII cleaves R-1,3 and R-1,6 glycosidic bonds between mannopyranosyl residues in GlcNAcMan 5 GlcNAc 2 ( Figure  1 ). [9] [10] [11] Its amino acid sequence places it in GH family 38. 12, 13 Several kinetic and crystallographic studies 11, [14] [15] [16] [17] [18] [19] [20] have shown that the enzyme follows the general double-displacement mechanism of retaining GHs, 21 in which a covalent glycosylenzyme intermediate is formed. The mechanism consists of two steps. In the rate-limiting glycosylation step (Figure 2 ), a protonated carboxylate amino acid, Asp341 in Drosphila melanogaster GMII, transfers a proton to the oxygen atom of the scissile glycosidic bond. A second, negatively charged carboxylate amino acid, Asp204 in Drosphila melanogaster GMII, acts as the nucleophile, attacking the glycon C1′ atom to form a covalent intermediate with the protein. 22, 23 This information has not been conclusively determined for GMII. The transition state (TS) of the reaction is oxacarbenium-ion like, but the conformation of the glycon sugar ring (mannose in GMII) varies among GHs. 24 In a second step (deglycosylation), a water molecule attacks the C1′ atom, breaking the covalent bond to finish the reaction and to regenerate the enzyme for the next catalytic round.
The available structural data on GMII is from D. melanogaster, which has kinetic and inhibition properties similar to those of mammalian GMII. 25 These two forms also have high sequence identity (41%), 15 their active-site amino acid residues being virtually identical. As observed in many other GHs, 24 it is expected that GMII binds the substrate in a distorted conformation. However, the precise conformation of the Man5 mannosyl residue in the GMII Michaelis complex is uncertain. Mutated GMII (D341N) forces a complexed mannose molecule into a near-B 2,5 conformation (PDB 3BUP) (E 5 / O H 5 from analysis of the puckering coordinates extracted from the crystal structure). Nevertheless, the authors warned that their assignment was not unambiguous and that other nearby puckering conformers, such as O S 2 and O H 5 , could also be accommodated reasonably well. 19 A mannosyl residue in a branched substrate complexed with another mutated GMII structure (D204A) (PDB 3CZN) (Figure 3a ) displays a regular 4 C 1 conformation. 11 The conformation of the substrate in the product of the glycosylation reaction (the covalent intermediate in Figure 2 ) is more clearcut, as crystal structures of wild-type GMII bound to fluorinated mannose analogs (PDB 1QX1, 1QWU, and 1QWN) consistently reveal distorted 1 S 5 conformations. 16 By analogy with the conformational itinerary suggested for another mannose-cleaving enzyme (GH26 -mannanase), 26 it has been proposed that the substrate mannosyl residue in GMII features a B 2,5 -type of TS 16, 19, 24 and follows the O S 2 f B 2,5 [TS] f 1 S 5 itinerary for the glycosylation step. However, this proposal awaits further verification.
The active site of D. melanogaster GMII, complexed with its natural (branched) substrate (PDB 3CZN), is shown in Figure  3a . Asp341 is the catalytic acid/base residue (Figure 2 ), while Ala204 replaces the catalytic nucleophile (Asp204). 16, 27 The active site also accommodates a catalytic zinc ion that coordinates two substrate glycon hydroxyl groups (C2′-OH and C3′-OH) and three residues (His90, Asp92, and His471). The presence of a catalytic zinc ion is unprecedented in GHs 28 and its precise role during catalysis is unclear. Several roles for the zinc ion have been proposed, including assisting in distorting the mannosyl (Man5) ring and in correctly orienting the nucleophile. 29 Structural/electronic information for the glycosylation reaction TS, of interest in designing GMII inhibitors as anticancer agents, is very difficult to obtain experimentally. Computational approaches, in particular first-principles simulations, can be very useful to obtain this information, as exemplified by recent studies for other GH enzymes. [30] [31] [32] [33] [34] To the best of our knowledge, the catalytic mechanism of GMII has not yet been addressed by first-principles methods.
We report here a quantum mechanics/molecular mechanics (QM/MM) metadynamics simulation of the D. melanogaster GMII-catalyzed glycosylation reaction during R-1,6-mannosyl bond hydrolysis. Our study presents strong hypotheses regarding the molecular/electronic details of the mechanism, specifically the substrate conformation in the Michaelis complex, the conformational itinerary that the mannosyl ring substrate follows during catalysis, the type of mechanism, the role of the Zn ion during catalysis, and the structural/electronic properties of the TS. 
Computational Methods

Classical Molecular Dynamics Simulations.
The initial structure for the simulation was taken from a recently published crystallographic study of D. melanogaster GMII (PDB 3CZN, at 1.4 Å resolution) complexed with its natural substrate and with its catalytic nucleophile mutated (D204A). 11 The active site B-factors of this structure are presented in Table S1 (SI). The mutation was computationally reverted to Asp204, using other unmutated structures as a template, and hydrogen atoms were added using the AmberTools package. 35 The catalytic acid/base, Asp341, was modeled in its protonated state, while Asp204 was modeled in its deprotonated, charged state, consistent with the glycosylation step of the retaining mechanism. The protonation states and hydrogen atom positions of all other ionizable amino acid residues were selected based on their hydrogen bond network. Thirty-six histidine residues were modeled in their neutral states, while the rest were modeled in their charged states. All the crystallographic water molecules were retained and extra water molecules were added to form a 10-Å water box around the protein surface. Two chloride ions were also added to neutralize the enzyme charge.
The system was initially subjected to classical molecular dynamics (MD) using Amber9 software. 35 The protein and the Zn ion were modeled with the FF99SB force field, 36 (i.e., the Zn ion interacts with its neighbors via electrostatic and van der Waals interactions). All carbohydrates, including the substrate and GlcNAc glycosylation site at Asn194, were modeled with the GLYCAM06 force field. 37 Finally, all water molecules were described with the TIP3P force field. 38 The MD simulation was carried out in several steps. First the system was minimized, holding the protein and substrate fixed. Then the entire system was allowed to relax. To gradually reach the desired temperature of 300 K in the MD simulation, weak spatial constraints were initially added to the protein and substrate, while the water molecules and chloride ions were allowed to move freely. The constraints were then removed and the MD was extended to 1 ns when the system had reached equilibrium. Because the force field was unable to retain some important active-site hydrogen bonds, two distance constraints were used during the classical MD simulation, one between the proton of the catalytic acid/base and the glycosidic oxygen atom (H Asp341 -O6), which is important for the glycosylation reaction, and a second between Asp92 and the C2′-OH hydroxyl group (H O2′ -O Asp92 ), a hydrogen bond experimentally observed in the structure of mutated GMII (D341N) complexed with mannose (PDB 3BUP). 19 The Zn ion maintained its 6-fold coordination during the classical simulation. A snapshot of the MD-equilibrated system was taken for the subsequent QM/MM and metadynamics simulations, which were performed without any constraint. A superposition between the equilibrated GMII structure (after QM/MM minimization) and the X-ray crystal structure is presented in Figure S2 (SI).
QM/MM Metadynamics
Simulations. QM/MM calculations were performed using the method developed by Laio et al., 39 which combines Car-Parrinello MD, 40 based on density functional theory (DFT), with force-field MD methodology. A detailed description of the QM/MM method can be found in the SI. Previous studies showed that this methodology provides an accurate description of energetic, dynamic, and structural features of biological systems, including GHs.
41,42
The QM region chosen in this work included the side chains of His90, Asp92, Asp204, Asp341, and His471, capped at their CR atoms with a link-atom pseudopotential, and two active-site mannosyl residues, Man3 and Man5 (Figure 3a ), capped at the C1 atom of Man4 and the C6 atom of Man1, as well as the zinc ion. The QM region (92 atoms) was enclosed in an isolated 19.5 × 15.7 × 19.7 Å 3 supercell. Kohn-Sham orbitals were expanded in a plane-wave basis set with a kinetic energy cutoff of 80 Ry. Normconserving Troullier-Martins ab initio pseudopotentials 43 were used for all elements. For Zn, the d 10 semicore electrons were considered explicitly in the calculations. We used a pseudopotential with cutoff radii r s ) 1.8 au, r p ) 2.0 au, r d ) 1.8 au, which also incorporates scalar relativistic effects. The efficiency of the Zn pseudopotential has been previously tested against all-electron calculactions. 44 The BLYP functional 45, 46 in the generalized gradient-corrected approximation of DFT was selected in view of its good performance in previous works of Zn-containing enzymes such as alcohol dehydrogenase, ) perform better than BLYP. Additional calculations on a GMII model to test the dependence of our results on the functional employed (SI, pages S11-S15) show that relative energies, distances, and atomic charges are not significantly affected.
A constant temperature of 300 K was reached by coupling the system to a Nosé-Hoover thermostat 57 at 3500 cm -1
. Structural optimizations were done by annealing ionic velocities until the maximal component of the nuclear gradient was <10 -4 au. A time step of 0.12 fs and a fictitious electron mass of 700 au were used in the Car-Parrinello simulations.
The metadynamics technique 58 was used to overcome energy barriers and to reconstruct the free energy landscape of the glycosylation reaction. The general details of this method are described in the SI. The collective variables (CVs) used in this work were taken as a combination of coordination indices of the covalent bonds being formed/broken (Figure 4 ). Each CV is the difference of coordination number (CN) 59 of two bonds (more generally defined in the SI) and is given by ( 
p+q where d ij is the internuclear distance of the atoms involved, d 0 is the threshold distance for bonding, and p and q are exponents that determine the steepness of CN ij decay with respect to d ij . CN values range from 0 (no bond) to 1 (a bond). There are two CVs in this system: CV1 is the difference in CN between the scissile glycosidic bond and the bond between the nucleophile, Asp204, and the anomeric carbon atom C1′ (CN C1′-O6 -CN C1′-OAsp204 ), while CV2 is the difference of CN between the H Asp341 -O Asp341 and the O6-H Asp341 bonds (CN HAsp341′-OAsp341 -CN HAsp341′-O6 ). The latter models the proton transfer between the catalytic acid/base, Asp341, and the scissile glycosidic oxygen atom. The selected values for the CN parameters were d 0 ) 4.72 au, p ) 10, and q ) 6 for CV1, and d 0 ) 2.55 au, p ) 14, and q ) 6 for CV2. An extended Lagrangian version of the method is here used for a proper coupling with the QM/MM simulations (SI). 40, 59 The selected mass values of the fictitious particles were 15 and 5 amu for CV1 and CV2, respectively, while those of the force constant were 1.3 and 1.5 au, respectively, for CV1 and CV2. The height of the Gaussian terms was 1.25 kcal mol -1 , which ensures sufficient accuracy for reconstructing the free energy surface. The width of the Gaussian terms (0.05 Å) was selected from the oscillations of the CVs in a free Car-Parrinello QM/MM simulation. A new Gaussian-like potential was added every 300 MD steps and the simulation was stopped after one recrossing of the TS. Approximately 950 Gaussian hills were added during the metadynamics simulation which, in terms of simulation time, corresponds to 35.9 ps. The simulation was performed in an AMD Opteron cluster and required about 144 000 CPU h.
Results and Discussion
Michaelis Complex of GMII.
The initial structure of the enzyme-substrate complex was taken from the structure of D. melanogaster GMII (PDB 3CZN) complexed with its natural substrate. In this structure, an alanine residue replaces the nucleophile (Asp204) and the substrate Man5 mannosyl residue adopts an undistorted 4 C 1 conformation. To model the Michaelis complex, the mutation was computationally reverted to Asp204 (Computational Methods section). This causes an interaction between the nucleophile and the active site Zn ion to appear.
During the initial MD simulation, the conformation of the substrate mannosyl ring changed spontaneously from 4 C 1 to a distorted conformation (B 2,5 ), probably to avoid the unfavorable close contact between O2′ and O Asp204 atoms (1.52 Å in the 4 C 1 conformer but 2.75 Å in the B 2,5 one). In principle, this could be taken as a proof that the 4 C 1 substrate conformation was due to the mutation. However, it should be pointed out that in some cases classical force fields fail to reproduce the distortion of the substrate in GHs. 60 To take a step forward in accuracy and predictive power, we recomputed the structure of the Michaelis complex by QM/MM (see details in the Computational Methods section), that is, taking into account electronic effects and charge rearrangements in the active site. The structure of the Michaelis complex of GMII obtained from QM/MM optimization is shown in Figure 3b . The conformation of the mannosyl ring ( O S 2 /B 2,5 ) is similar to the one predicted by the classical simulation. Therefore, both classical and QM/MM simulations show that the 4 C 1 conformation of the M5 substrate mannosyl ring in the D204A mutant of GMII is due to the mutation, and that the real substrate conformation in the Michaelis complex is intermediate between O S 2 and B 2,5 . 3.2. Simulation of the Glycosylation Reaction. The metadynamics method was used to model the GMII-catalyzed glycosylation step during hydrolysis of the R-1,6 glycosidic bond that links the Man3 and Man5 residues in GlcNAcMan 5 GlcNAc 2 (Figure 1) . The collective variables, CV1 and CV2, used in the simulation give an idea of the degree of formation of the covalent bond between the substrate and the nucleophile residue (CV1) and the proton transfer between the acid/base residue Figure 5 . Here, the relevant stationary points corresponding to reactant, TS (the maximal energy point along the reaction pathway), and product (the covalent intermediate) states can be identified. The calculated reaction free energy of activation is ∼23 kcal/mol, which agrees well with the experimentally measured free energy of activation of 20 kcal/mol (obtained from the hydrolysis rate constant) for GH38 Aspergillus fischeri R-mannosidase hydrolyzing the R-Man-(1f6)-Man bond. 61 The exothermicity of the reaction, computed as the free energy between the Michaelis complex and covalent intermediate, is ∼22 kcal/mol.
A detailed description of the glycosylation reaction in GMII was obtained by following the minimal free energy pathway, as given by the intrinsic reaction coordinate. 62 Snapshots of average structures for the reactant, TS, and product states are shown in Figure 6 . At the reactant state, the catalytic acid/base (Asp341) is in its protonated state, forming a hydrogen bond (1.74 Å) with the glycosidic oxygen atom (O6). When the reaction starts, the nucleophile (Asp204) is in its charged state and is significantly separated (3.25 Å) from the C1′ atom (Table  1) . Two additional carboxylate groups form strong hydrogen bonds with the glycol. Asp92 interacts with the C2′-OH hydroxyl group and Asp472 forms a bidentate interaction with the C3′-OH and C4′-OH groups. The zinc ion is hexacoordinated by His90, Asp92, Asp204, His471, and two substrate oxygen atoms, O2′ and O3′, as previously observed in the crystal structures. 19 The reaction begins with the Asp341 O-H bond lengthening along the minimal free energy pathway from the reactant state (R) to R′ (Figure 5 ), indicating partial transfer of the Asp341 proton. At R′, the Asp341 proton is 1.35 Å from the O6 glycosidic oxygen atom (Table 1) . The system then reaches the TS when the scissile bond elongates to ∼2 Å and the distance between the nucleophile, Asp204, and the C1′ atom shortens from 3.25 Å in the reactant state to 2.93 Å in the TS. The Asp341 proton transfers further to within 1.19 Å of O6. In addition, the intraring C1′-O5′ bond shrinks significantly from 1.41 Å in the reactant state to 1.32 Å in the TS, indicating the formation of a partial double bond and the increasing oxacarbenium ion (OCI) character of the mannosyl substrate. The substrate is expected to reach its maximal OCI character at CV1 ) 0, where both the C1′-O Asp204 and C1′-O6 bonds are broken (i.e., their coordination numbers vanish). This corresponds to P′ in the FES (Figure 5 ). At this point, both the nucleophile and leaving group are ∼2.5 Å from the C1′ atom. The C1′-O5′ distance reaches a minimum (1.29 Å), and the C1′ atom becomes sp2-hybridized. Interestingly, the TS does not coincide with the point of maximal OCI character (P′) but is closer to the reactants ( Figure 5) . Therefore, the simulation shows that the glycosylation reaction in GMII follows a D N A N mechanism, where the nucleophilic attack occurs before the scissile glycosidic bond is fully broken. 23 To quantify the degree of OCI character in the mannosyl residue along the reaction, a partial charge analysis was performed (Table 2) . 63 Since the charge increase of the anomeric carbon atom along the reaction pathway delocalizes over its neighboring atoms, especially at O5′, we summed up the charges of C1′, O5′, C2′, and H1′ atoms (δ an ) ( Table 2 ). As expected from the shape of the FES, the maximal value of δ an does not occur at the TS but at P′. As the reaction progresses from R to the TS and further to P′, δ an increases by 0.17 electrons, mainly due to the change at the ring oxygen atom (O5′). Interestingly, the Zn ion charge shows the opposite tendency ( Figure S5, SI) . Thus, the increase in anomeric charge is compensated by a decrease of positive charge of the Zn ion. This clearly indicates that the role of Zn is not just structural but is also catalytic.
Finally, in the product state, a covalent bond between Asp204 and the C1′ atom is formed (1.5 Å). At this point, the leaving group is completely dissociated (C1′ · · · O6 ) 3.47 Å), the anomeric carbon atom has recovered its sp3-hybridization, and the C1′-O5′ distance is as short as in the reactant state (1.41 Å). Following the reaction coordinate from reactant to product, the nucleophilic oxygen atom (O Asp204 ) loses electronic charge as the nucleophile forms a covalent bond with the C1′ atom ( Table 2 ). In contrast, the leaving group oxygen atom (O6) becomes more negative during the reaction pathway. The formation of the covalent bond between the glycon and Asp204 lengthens the O Asp204 · · · Zn distance from 2.12 to 3.00 Å (Table  1) , which is compensated by a decrease of the distances between Zn and the rest of its coordinating atoms.
Role of Zinc and Partial Deprotonation of the
O2′-H O2′ Bond. As mentioned in the Introduction, the presence of a catalytic Zn ion in the active site of GHs is unprecedented, and its precise role remains unclear. The Zn ion is coordinated with both O2′ and O3′ glycon atoms of the substrate ( Figure  3b) . The Lewis acid character of the Zn ion could allow withdrawal of electrons from the substrate, 29 but this would adversely affect the formation of electron-deficient OCI-like species. The hydrogen atom from the C2′-OH hydroxyl group forms a hydrogen bond with Asp92. It is well-known that interactions between the C2′-OH group and electron-donating groups stabilize the OCI-like TS more than interactions with other glycon hydroxyl groups do. 64 Even in solution, electronwithdrawing groups at the C2′ atom cause larger decreases in reaction rate than similar substituents at other pyranosyl ring positions. 65 This due to the C2′-OH group being close to the anomeric center, which becomes electron-deficient at the TS. In the case of -retaining GH enzymes, where the nucleophile is hydrogen-bonded to the 2′-OH, it has been proposed 28, 66 that the high acidity of the O2′ atom at the TS leads to partial deprotonation of the O2′-H O2′ bond.
A similar situation occurs for GMII, as partial deprotonation of the O2′-H O2′ bond upon formation of the mannosyl OCI species is observed. Figure 7 shows the time evolution of the O2′-H O2′ and C1′-O5′ distances throughout the metadynamics simulation. A decrease of the C1′-O5′ distance indicates the formation of the mannosyl OCI-like species. Interestingly, this decrease (occurring from 15 to 25 ps) is paralleled by an increase of the O2′-H O2′ distance. At a certain point (∼17 ps of the simulation), the O2′-H O2′ bond breaks and the H O2′ proton transfers to Asp92. The partial deprotonation of the O2′ atom provides electrons that can be delocalized to the anomeric center, producing a stabilizing effect. Since the Zn ion is coordinated to the O2′ atom, it stabilizes the negative charge accumulated on the latter upon lengthening of the O2′-H bond, thus indirectly relieving the electronic deficiency of the OCI-like species. In fact (section 3.2), the charge of the Zn ion varies in concert with the anomeric charge (Table 2, Figure S5 , SI), indicating that the positive charge of the Zn ion is tuned to appropriately stabilize the O2′ atom without destabilizing the OCI species. Therefore, our results indicate that the interaction of the Zn ion and O2′ atom is relevant for catalysis in GMII.
Conformational Itinerary of the Glycon Mannosyl
Ring along the Reaction Path. The conformational itinerary of the glycon mannosyl ring along the reaction path was analyzed by monitoring the ring conformation during the metadynamics simulation. 
Comparison between GMII-TS and GMII-Inhibitor
Structures. As mentioned in the Introduction, inhibition of GMII has shown promise against certain types of cancer. It is wellknown that TS analogs are powerful enzyme inhibitors; therefore, we carried out a comparison between the GMII-TS structure obtained in this work and several GMII inhibitors recently solved by Rose and co-workers.
15,18 Figure 9 shows the result of superimposing the active sites of five different GMII crystal structures complexed with inhibitors to the GMII-TS structure. Figure 9a and b shows the GMII-TS structure compared to noeuromycin and deoxymannojirimycin, respectively. Noeuromycin is a much better inhibitor than the chemically similar deoxymannojirimycin (the former has a positively charged NH group in place of the anomeric carbon atom, while the latter places the NH group at the ring oxygen). 29 It is clear in comparing Figure 9a and b that noeuromycin (K i ) 20 mM) resembles the TS much more than does deoxymannojirimycin (K i ) 400 mM). The ring in noeuromycin is distorted toward a 1 S 5 -like conformation and the NH · · · O Asp204 (2.71 Å) distance mimics the one observed at the TS (2.93 Å for C1′ · · · O Asp204 ). On the other hand, the ring in deoxymannojirimycin is not distorted when bound to the enzyme, and the positively charged inhibitor's NH group is positioned far away from the nucleophile (4.48 Å), unable to mimic the C1′ · · · O Asp204 distance observed at the TS. Figure 9c and d shows a comparison between the GMII-TS and the inhibitors mannoimidazole (K i ) 2 mM) and glucohydroxyiminolactam (K i ) 70 mM). 18 The ring conformation departs appreciably from the computed TS in both cases. However, these inhibitors mimic the distance between the leaving group and the catalytic acid observed at the TS (2.44 Å for the O6 · · · O Asp341 bond). The analogous distance of the inhibitors (N · · · O Asp341 ) is very close (2.45 Å) in both cases.
The most powerful GMII inhibitor known is swainsonine (K i ) 0.02 mM). Its structure when complexed with GMII is shown in Figure 9e , superimposed to the TS. Swainsonine positions a five-membered ring on top of the six-membered ring of the natural substrate, and therefore it does not look like a TS analog. Nevertheless, the N · · · O Asp204 distance observed in the GMIIswainsonine complex is 2.88 Å, very close to the analogous C1′ · · · O Asp204 distance observed at the TS (2.93 Å). The N · · · O Asp204 distance observed in swainsonine is even closer to the TS than in noeuromycin, which may provide an explanation of swainsonine's higher potency. These results suggest that targeting the C1′ · · · O Asp204 or O6 · · · O Asp341 distances observed in the TS is important to design powerful inhibitors.
3.6. Summary. In this work, we have addressed the glycosylation reaction step during GMII-catalyzed hydrolysis of a mannosyl R-1,6 glycosidic bond by means of first-principles metadynamics simulations, providing an atomistic description of the reaction step. The computed free energy barrier of the reaction and the conformation of the Man5 mannosyl residue in the product ( 1 S 5 ) agree well with experiments. We find that the substrate adopts a O S 2 /B 2,5 conformation in the Michaelis complex, whereas the 4 C 1 conformation observed in the 3CZN structure is due to mutation of the nucleophile. Glycosidic bond dissociation occurs before formation of the covalent bond between the substrate and the nucleophile residue (i.e., a D N A Ntype reaction), and the TS has a clear OCI character and displays a B 2,5 conformation. The glycosylation reaction follows an itinerary similar to O S 2 /B 2,5 f B 2,5 [TS] f 1 S 5 , agreeing with the proposal by Rose et al. after they compared R-and -mannanases. 16 Because TS analogs are powerful inhibitors, the structural and electronic features of the TS presented in this work can be used to guide inhibitor design. More specifically, a comparison of the TS structure obtained from the calculations and the structure of recently formulated GMII inhibitors reveals that the best inhibitors are the ones that best mimic the C1′ · · · O Asp204 and O6 · · · O Asp341 interactions. These results suggest that targeting both of these interactions in the same molecule could lead to more powerful inhibitors. The simulations also suggest a mechanism to explain the previously proposed catalytic role of Zn; in particular, it helps to lengthen the O2′-H O2 bond when the substrate acquires OCI character, relieving the electron deficiency of the OCI-like species. Confirmation of this proposal awaits appropriate experimental data.
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